SUMMARY Similar pressor mechanisms should be active in hypertensive and normotensive subjects since hypertension is a quantitative rather than qualitative disorder. Consequently, if an antihypertensive drug is designed to specifically block a well-defined mechanism involved in blood pressure regulation, it should be possible to evaluate its efficacy rather precisely in normotensive volunteers before even administering the compound to a hypertensive patient. That this is indeed the case is illustrated by the example of angiotensin-converting-enzyme inhibitors. The magnitude of blockade that can be obtained in humans, the minimal dose needed for maximal efficacy, and the onset and duration of action of the agents have all been precisely determined in normotensive volunteers. Subsequent administration to hypertensive patients merely confirmed these findings. Moreover, if the antihypertensive effect of converting-enzyme inhibitors could not be predicted in an individual hypertensive patient, this is not related to some unknown action of the drug that cannot be assessed in normal volunteers but rather to our lack of understanding of the precise mixture of pathogenette mechanisms prevailing in any particular patient. Only the safety evaluation and the search for sideeffects still has to be carried out in nonspecific fashion, thus requiring long-term observations in large numbers of patients. The most spectacular results were often obtained in areas where they were least expected. Mechanisms of action were usually not well understood, and there was also a lack of knowledge of the pathogenetic mechanisms involved in the disease. Except for acute tolerance studies, drug administration in normal volunteers was of limited usefulness for the development of guidelines for the therapeutic use of such compounds. Nevertheless, new drug assay techniques in plasma, urine, and feces made pharmacokinetic studies more widely available. However, considerable discrepancies between such pharmacokinetic observations and therapeutic profiles of some drugs have become apparent.
For instance, with diuretics 2 or propranolol, 3 therapeutic efficacy and plasma drug levels have not always been found to be strictly related.
A progressively better understanding of pathogenetic mechanisms involved in various diseases has markedly influenced the development of new therapeutic agents. Thus, in recent years, new drugs have been more and more based on prospective design, with a very specific mechanistic aim in mind rather than on mass screening. As a result, these agents interfere specifically with well-defined mechanisms. This great specificity probably enhances efficacy and may in addition improve the safety profile by avoiding nonspecific side-effects.
As pointed out many years ago by Sir George Pickering, hypertension is a quantitative rather than a qualitative disorder. 4 The mechanisms involved in the disease, even if all are not yet completely understood, probably also exist in normotensive subjects, albeit in a quantitatively different mixture. Accordingly, if the mechanism of action of an antihypertensive agent is well understood and directed specifically to one factor HI-102 RESPONSE TO HYPERTENSION THERAPY SUPP III HYPERTENSION VOL 5, No 5, SEPTEMBER-OCTOBER 1983 involved in blood pressure regulation, studies of its effect in normotensive volunteers will provide useful information to develop guidelines for the treatment of hypertensive patients.
Agents that inhibit angiotensin-converting enzyme and thereby the generation of angiotensin II (All) certainly are representives of this new generation of drugs based on prospective design and directed at well-defined mechanisms. 5 " 7 This has become increasingly clear as it is now more and more evident that their effect on bradykinin metabolism probably has only a limited influence on blood pressure regulation. 8 These compounds have the additional and specific advantage that methods are available not only to measure plasma levels of the administered drug but also to quantitate the various components of the pressor system on which they exert their effect. In the following analysis, we shall evaluate retrospectively how much information can be gained from the study of converting-enzyme inhibitors in normotensive volunteers that might be useful for the subsequent treatment of hypertensive patients.
Useful Information Obtained from Studies in Normotensive Volunteers

Blockade of the Renin System
In assessing a new drug designed specifically to inhibit the renin angiotensin system by blocking the conversion of angiotensin I (AI) to All, the first task would seem to be to demonstrate in humans that the drug produces this effect. Several techniques have been used to evaluate this action. The most direct but also most invasive approach is intraarterial pressure intravenous monitoring during bolus injections of AI in normotensive volunteers after administration of the drug. In this way, it was shown for the first time that teprotide or SQ 20,881 blocks the pressor effect of exogenous AI in normal humans. 9 In later studies, this was also demonstrated with the first orally active converting-enzyme inhibitor SQ 14,225 or captopril 10 ( fig.  1 ) and then with MK 421 or enalapril," MK 521," RHC 3569, 12 and CGS 13945. 13 While the administration of exogenous AI and blockade of its pressor effect may be considered the absolute test for converting-enzyme inhibition, several other methods of evaluation have been compared over the years to this "gold standard." If less All is generated following blockade of the conversion, plasma All levels should fall. Reduction of circulating AD levels has indeed been observed with several converting-enzyme inhibitors in normotensive volunteers.
12 " 14 However, the quantitation of plasma All is still hampered by methodological problems such as assay blanks, cross-reaction of the All antibody with high AI levels, 15 and possibly also with some All metabolites. As a consequence, many investigators still regard plasma All determinations with a certain suspicion. One puzzle that needs to be solved is the observation that All levels do not drop to zero following administration of any of the converting-enzyme inhibitors, as one might expect theoretically.
Since, in addition to other factors such as potassium, ACTH, and possibly unidentified mechanisms, All stimulates the secretion of aldosterone from the adrenal cortex, reduction of All by converting-enzyme inhibitors should result in reduction of plasma aldosterone levels. This expected additional effect has actually been observed following the administration of MK 421, M MK 521, 14 RHC 3459, 12 and CGS 13945. 13 Of course, this observation in turn provides more strength to the changes in plasma All levels measured in the same volunteers.
Another way of assessing blockade of convertingenzyme activity is to measure plasma converting-enzyme activity in the normal volunteers before and after administration of a converting enzyme inhibitor. Plasma converting-enzyme activity in normal volunteers was indeed reduced following administration of the converting-enzyme inhibitors studied so far.
"
14 However, since it is known that in vivo the bulk of conversion of AI to AH does not occur in plasma but rather in the pulmonary capillary bed 16 and possibly in other organs, it could be argued that plasma convertingenzyme activity is not necessarily a good indicator of total angiotensin conversion. That plasma convertingenzyme activity does indeed reflect very well the total conversion of AI to All was suggested by findings in normal volunteers receiving MK 421 or MK 5 2 1 . " Figure 2 depicts the relationship between plasma con- verting-enzyme activity and the systolic blood pressure response to exogenous Al before and after the administration of these converting-enzyme inhibitors to normal volunteers. It can be seen that the plasma converting-enzyme inhibitor activity closely correlates with the systolic BP response to Al, which must be an index of total conversion of Al to AH. There is only one precaution that must be observed with the measurement of plasma converting-enzyme activity following administration of converting enzyme inhibitors: with captopril 17 and RHC 3569, n determinations of converting enzyme-activity were not reproducible after storage of the plasma samples, suggesting that some dissociation of the converting enzyme from the antagonist occurs during storage. Accordingly, when using these drugs, samples must be processed immediately. This problem does not exist with MK 421 (enalapril), MK 521, and CGS 13945.
Thus, there exist several methods to assess blockade of converting-enzyme inhibition in normal volunteers. The most direct method is blockade of the pressor effect of exogenous Al. Since the alternate methods are well established, one might even argue that this invasive method will not be necessary in the development of any future converting-enzyme inhibitors. Once converting-enzyme inhibition by a certain agent is established in normal volunteers, this point need not be studied any further in hypertensive patients.
Dose
The minimal dose of the converting-enzyme inhibitor needed to obtain nearly complete blockade of the system is also easily established by administering exogenous Al to normal volunteers. In the case of captopril, our initial study 10 carried out in 1976 in 14 normal volunteers clearly established that 20 mg of oral captopril were sufficient to almost completely prevent 320 ng/kg of Al from exerting any major pressor effect. Since converting-enzyme inhibitors are designed as competitive antagonists, the dose necessary to obtain consistent blockade of the system should depend on the circulating Al levels, at least in theory. One could therefore argue that the dose established in normal volunteers may not be relevant to hypertensive patients who may exhibit extremely high Al levels. However, the amount of Al administered acutely to the normal volunteers is probably such that comparable plasma levels are rarely if ever reached in hypertensive patients. It is more likely that the minimal dose determined to be necessary to block the pressor effect of exogenous Al in normal volunteers if anything is overestimated rather than underestimated. In the case of captopril, this was suggested by our initial studies 18 in hypertensive patients when we found that an increase in the dose beyond 25 mg p.o. did not enhance the amplitude of the antihypertensive effect ( fig. 3) . After a prolonged and unfortunate experience with overdosing captopril, which has led to unnecessary side-effects of the medication, well-controlled studies in large numbers of patients have finally confirmed that doses sufficient to block the pressor effect of Al in normal volunteers were identical to those needed to treat hypertensive patients. 19 A similar observation was made with enalapril where 10 mg was found to be sufficient to block the pressor response to exogenous Al in normal volunteers ( fig. 4) ." While higher doses have been used in hypertensive patients, 20 it appears now that controlled stud- ies in patients also confirm that the 10 mg dose is adequate for the treatment of hypertension (Merck Sharp and Dohme, unpublished data).
The measurement of plasma converting-enzyme activity in normal volunteers is also very useful in establishing the minimal dose of a blocking agent that is necessary to inhibit the renin-angiotensin system. Plasma converting-enzyme activity must be reduced to less than 10% of its initial value to consistently abolish the pressor response to exogenous AI."~' 3 Therefore, the minimal inhibiting dose should induce a more than 90% inhibition of converting-enzyme activity. In the case of enalapril, this again has been shown in normal volunteers to correspond to the 10 mg dose. Moreover, a close correlation between plasma converting-enzyme inhibition and plasma enalapril levels has been demonstrated. 21 Thus, in normal volunteers, it was actually possible to establish the minimal blood concentration of the antagonist that is necessary to inhibit the reninangiotensin system adequately ( fig. 5) . Furthermore, by using these minimal doses in normal volunteers, it was also confirmed that they were adequate to induce significant reductions in plasma in All and aldosterone.
Onset and Duration of Action
Onset of the action of captopril occurs in less than 15 minutes. This was clearly established in the initial study 10 of 1976, which assessed captopril's effect on the pressor response to exogenous Al in normal volunteers. This rapid onset was confirmed in patients with hypertension 18 -22 or congestive heart failure. 23 In the early volunteer studies with enalapril, a delayed onset of action of close to 2 hours was found, and the initial studies in hypertensive patients immediately confirmed this slower action of this new type of converting-enzyme inhibitor. Measurement of plasma converting-enzyme activity confirmed that 1!/z to 2 hours were necessary to obtain a greater than 90% inhibition of plasma enzyme activity following enalapril administration. 14 Based on the pressor response to exogenous Al in normal volunteers, the action of captopril was found to last for less than 4 hours. 10 In the case of enalapril, this method could not be used in normal volunteers to assess the duration of action for ethical reasons, since we could not leave intraarterial catheters for a long enough period. However, the measurement of plasma converting-enzyme activity demonstrated that inhibition was still excellent 10 hours after drug administration, but after 24 hours, enzyme activity had already reassumed about 20% of its control activity.
14 Not surprisingly then, after 10 hours plasma All and aldosterone levels were still significantly reduced in these normotensive subjects, but after 24 hours, they were both back to initial values ( fig. 6 ). Again, these observations were confirmed in hypertensive patients following acute administration of enalapril. 20 Thus, it appears that the minimal doses needed to block the renin system in normal volunteers, as as- another. Although the response to such a therapy is related to the pretreatment activity of the renin-angiotensin system, measurements of plasma renin activity are usually not available before initiating treatment and, therefore, the antihypertensive effect of convert-
Information that Cannot Be Obtained from Studies in Normotensive Volunteers
Safety and Tolerance
Unlike mechanisms of action of new drugs, which are more and more based on prospective design and therefore more and more specific with predictable efficacy, side-effects are still totally unpredictable and can only be assessed by evaluating large numbers of subjects. However, onjy relatively small numbers of normal volunteers are studied and usually only a single or a few repeated doses of the investigational agent are administered. Thus, even if the drug is well tolerated in normal volunteers, major side-effects may develop in hypertensive patients treated chronically.
Antihypertensive Efficacy in Individual Hypertensive
Patients
Human hypertensive disease, though probably a quantitative disorder, has nevertheless a very heterogeneous appearance. Most relevant to the present discussion, this heterogeneity has been best demonstrated by the broad spectrum of plasma renin activity in patients with essential hypertension. 24 Moreover, since most hypertensive patients have in common an increased peripheral arteriolar resistance, relatively nonspecific drugs such as vasodilators, which induce peripheral vasodilation by a direct effect on vascular smooth muscle, exert rather regularly an antihypertensive effect. The price paid for this relatively predictable antihypertensive effect is a host of side-effects, a majority of which are probably related to the lack of specificity of the approach. On the other hand, when a very specific approach to the treatment of hypertension is used, such as blocking the renin-angiotensin system, the result may vary tremendously from one patient to ing enzyme inhibitors can usually not be predicted at the outset. In the context of the present discussion, it is however important to recognize that treatment failures with new converting enzyme inhibitors have nothing to do with the drugs per se but are solely related to our lack of understanding of the pathogenetic mechanisms involved in every individual hypertensive patient. If we had a precise knowledge of the contribution of the renin-angiotensin system to the hypertension of each individual patient, it is likely that, based exclusively on the results obtained in normotensive volunteers, the antihypertensive effect of the drug could be precisely predicted in each patient. Our present procedure of evaluating antihypertensive drugs in large numbers of hypertensive patients may, in the case of convertingenzyme inhibitors, reveal more about the prevalence of the renin factor in the hypertensive population than any new findings not obtained in normal humans concerning the efficacy of the agent in question.
Duration of Action with Chronic Therapy
Although it was recognized very early that increasing the dose of captopril beyond 25 mg did not enhance the magnitude of the blood pressure reduction in hypertensive patients, most investigators have used considerably higher doses. Knowledge of the drug's short half-life in normal volunteers prompted a desire to prolong the duration of action by administering large doses. 18 While this has created the well-known problems of side-effects, it has in addition turned out to be totally unnecessary. Thus, even with large doses of captopril given twice daily, converting enzyme could not be blocked around the clock. 23 Nevertheless, blood pressure remained controlled.
Similar observations were made in hypertensive rats treated for long periods of time with captopril; discontinuation of this therapy led only to a slow and gradual increase in blood pressure, clearly in no way related to the half-life of the drug. 26 It is now recognized that chronic treatment with enalapril also lowers blood pressure for a time that exceeds its duration of efficient blockade of the renin-angiotensin system (Merck Sharp and Dohme, unpublished data). One possible explanation is that converting-enzyme inhibitors are less specific than thought hitherto. Possibly some metabolites with nonspecific effects have a much longer half-life. Much more likely is the hypothesis that prolonged treatment of hypertension leads to important adaptive changes including structural modifications in the arterial wall, which reduce the responsiveness of the arterioles to AH and other pressor mechanisms. It is of note that in animals, much smaller doses of All are needed to achieve a given blood pressure increase if it is administered chronically rather than acutely. 8 Similarly, the intermittent increases in plasma All occurring with chronic administration of converting-enzyme inhibitors do not seem to have the same pressor effect as similarly elevated plasma All concentrations which are continously present.
Conclusions
Several methods are available for establishing in normal volunteers the efficacy of converting-enzyme blockade with a considerable degree of precision. In addition, studies in volunteers permit precise determination of the minimal dose needed to obtain close to maximal blockade of the renin system and also the onset and duration of action, at least for acute administration. These findings have subsequently been confirmed in hypertensive patients at least in the case of captopril and enalapril. Studies in hypertensive patients are unlikely to provide any new surprising information, since the unpredictability of an individual hypertensive patient's response to a converting-enzyme inhibitor is in no way related to some unknown feature of the drug but rather to the absence of a precise knowledge of the pathogenesis of the hypertension of this individual subject. Similarly, the prolonged duration of action of converting-enzyme inhibitors observed in patients treated chronically is more likely related to structural adaptations of the treated organisms than to some unforseen new effect of the drug.
Thus, now that it is well established how converting-enzyme inhibitors act, any new drugs in this class could at least theoretically be largely evaluated in a few normal volunteers. Efficacy, minimal effective dose, and onset of action could certainly be determined before the drug has been given to any hypertensive patient. It would be extremely surprising if any major change in these predicted values would have to be made after the drug reaches hypertensive patients. It is even unlikely that new converting-enzyme inhibitors with substantially greater efficacy will be discovered since the presently available drugs seem to block conversion almost completely. The main and almost sole reason for testing new drugs in a large number of patient is to evaluate safety and tolerance, since there is no substitute at present for this elaborate and rather unsatisfactory approach. 
